ABSTRACT In this paper, we propose to enhance the transmission of EM waves through fiber-reinforced polymers (FRPs) by modifying the local field distributions using the metamaterial inclusions. Due to the higher permittivity of FRPs relative to the air, the transmission of the s-polarized waves decreases drastically with the incidence angle θ i. By doping metallic strips into an FRP plate, the magnetic vectors in the plate are tilted vertically under large incidence angles, and hence, the refracted angle in the plate is increased. This is equivalent to reduce the effective permittivity of the FRP, which enables significant transmission enhancement, especially under large incidence angles. A Ku-band prototype was designed, fabricated, and measured. Both simulated and measured results verify that the metamaterial doping can achieve transmission enhancement in an ultra-wide incidence angle range θ i ∈ [0, 80 • ]. This paper provides an effective route to the design of transparent radomes for base stations, aircraft, and so on.
I. INTRODUCTION
Fiber reinforced polymers (FRP), with high specific strength, high specific modulus and corrosion resistance, have been widely used as raw materials for manufacturing radomes in aerospace industry [1] - [4] . Radomes, as an indispensable protective component of radar or antenna systems, should possess adequate mechanical strength to keep their aerodynamic shapes and to withstand the intense aerodynamic load during operation. Therefore, FRPs with relative high permittivity are usually adopted in practical applications. The high permittivity of FPRs, plus the large slender-ratio aerodynamic shapes of radomes, will result in bad impedance matching due to the large incidence angle on the air-FPR interfaces. This is especially the case for s-polarized waves since there is no Brewster effect for s-polarized waves on air-dielectric interfaces [5] , [6] . Because of such impedance mismatch, the transmission of electromagnetic (EM) waves
The associate editor coordinating the review of this manuscript and approving it for publication was Shah Nawaz Burokur. will decrease drastically with increasing incidence angles, which seriously worsens the performance of the antenna system. Thus, how to achieve wide-angle transmission of EM waves through FRP radomes is quite crucial for obtaining high-performance radomes and for improving the efficiency for antenna systems.
Traditionally, the transmission enhancement of EM waves through FRPs can be achieved through the half-wavelength or quasi-half-wavelength wall design. Nevertheless, the halfwavelength wall design is only valid under normal incidence and the transmission will decrease significantly with increasing incidence angle. Moreover, the FRP wall should be enough thickness to satisfy the requirement of mechanical strength for aerodynamic loads, especially during supersonic flight. This means that the half-wavelength wall design cannot meet mechanical strength and wide-angle EM transparency at higher frequency bands such as Ku and Ka bands. In order to alleviate this problem, it is imperative to develop methods of enhancing transmission of EM waves in a wide incidence angle range for thick-wall FRP radomes.
Theoretically, conventional anti-reflection (AR) coating methods are feasible for transmission enhancement of FRP material, such as the quarter-wave AR films and the multilayer graded-index AR films [7] - [9] . Even they achieves a better behavior in transmission enhancement, there is still an irreconcilable contradiction in the AR coastings. That is, the radomes loaded with AR films always suffer from bulky configurations and poor mechanical strength [8] . For another, the frequency selective surface (FSS) can achieve an ultra-wideband transmission for both oblique incidence angles and different polarizations within its operating frequencies [10] , [11] . However, its effective angle is always narrow and the structure is complex due to multi-layer design.
With the rapid development of artificial EM media, metamaterials, composed of 2D or 3D periodic or quasi-periodic sub-wavelength inclusions, have gained extensive attention from both the academic and engineering communities. Metamaterials exhibit unique EM properties that are impossible or very hard to be obtained with natural materials, such as adjusting the scattering parameters and changing equivalent wave impedance [12] - [15] . This provides unprecedented freedom in manipulating reflection /refraction of EM waves [16] - [18] . Inspired by this, in this letter, we present the method of achieve broadband wide-angle transmission enhancement for FRP by doping metamaterial metallic strips, as illustrated in Fig. 1(a) . By the doped metamaterial inclusions, magnetic field inside the FRP plate is locally modified under the illumination of s-polarized waves, leading to the magnetic vectors inside tilted towards the normal of the plate. Hence, the refracted angle in the plate is increased [16] . This is equivalent to improve the impedance matching on the two air-FRP interfaces, so the wave transmission can be enhanced significantly under large incidence angles for s-polarized waves. We demonstrate that the metamaterial inclusion doping can achieve transmission enhancement in an ultra-wide incidence angle range (θ i ∈ [0, 80 • ]) at Ku band. Both the simulation and experiment results verify our design. This work provides an effective method to extend the operation angular range for antenna radomes.
II. THEORY ANALYSIS AND DESIGN
When EM waves impinge on the air-FRP interfaces with incidence angle θ i , most waves will be reflected due to the higher permittivity of FRP relative to the air, as illustrated in Fig.1 (b) . According to Fresnel formula for s-polarized waves, the reflectivity at the air-FPR interface can be expressed as
where
are, respectively, the wave impedance in FRP and in the air. The FRP plate is with a relative permittivity of ε 1 = 3.2. In order to achieve highefficiency transparency, reflection waves on the two FRP-air interfaces must be eliminated. For interface 1, to get 1 = η 1 cos θ i1 −η 0 cos θ t1 η 1 cos θ i1 +η 0 cos θ t1 = 0, a given θ i1 should correspond to an unique θ t1 . For example, when the incident angle θ i1 = 60 • , we have
Similarly, for interface 2, the refraction angle θ t2 = 60 • . To get 2 = 0, we have
That is, to achieve transmission enhancement, the propagation direction of refracted waves in the FRP plate must be deflected, rather than obeying conventional refraction law. VOLUME 7, 2019 According to conventional Snell law, it is impossible to achieve this using traditional dielectric materials or coatings, since the momentum conservation must be obeyed. Nevertheless, the metamaterial can modify the refraction of EM waves through distorting the local field in FRP at sub-wavelength scale, so that the wave-vectors in FRP can be tilted locally without violating the conservation of parallel wave-vector macroscopically [16] , as illustrated in Fig 1(c) . As the wavevectors distorted, the refraction angle is increased. From the Fresnel formula (Eq.1), the reflection can be decreased greatly. To achieve high-efficiency transmission, it is better to modify EM waves on both the interfaces at the same time. For Eqs. (2) and (3), we have θ t1 = θ i2 , so the refraction wavevectors on interface 1 are tilted and meanwhile the incidence wave-vectors on interface 2 are tilted to the same angle, which needs the field inside FRP plate symmetrical. That is the reason why the metallic strip must be doped inside the FRP plate.
In terms of impedance matching, in order to achieve highefficiency transmission, the effective wave impedance of the FRP plate should be equal to the air. For FRP is a nonmagnetic medium, it is only necessary to make the effective permittivity of the FRP plate near to 1. To achieve this, we need to dope metamaterial metallic strips inside FRP. When the electric field of EM waves passes along the metallic strips, the metallic strips will have an EM response similar to plasma, and its effective permittivity follows the Drude model [19] , [20] . Due to the plasmon resonance of metallic strips along y-direction, the doping of metallic strips in FRP plate is equivalent to reducing the effective permittivity of FRP plate [15] , so the effective permittivity of the metamaterial-doped FRP can be expressed by [21] 
where the ω p is the plasma frequency and the parameter of γ is damping term representing dissipation of the plasmon energy into the system. According to the Ref [21] , the ω 2 p can be expressed as
where c 0 is the velocity of EM waves. From Eq.(4), it can be found that the effective permittivity is negative when the frequency of EM wave less than ω p , and the effective permittivity of FRP changes from negative to positive at the frequency of ω p for s-polarized waves (polarized along y direction). When the frequency of EM wave is larger than ω p , the effective permittivity will definitely return to be around unity at a certain frequency, equal to that of the air. In this way, perfect impedance matching can be achieved at this frequency and the wide-angle transmission enhancement of FRPs can be realized by manipulating the parameters of the metallic strip doping.
We will address wide-angle transmission enhancement in Ku band for a FRP plate. Due to the higher permittivity of FRPs relative to the air, the transmission decreases drastically with incidence angle θ i . To achieve wide-angle transmission enhancement, the metamaterial metallic strips are doped in the FRP plate. As is illustrated in Fig.1 (a) , the period of the unit cell is a and the thickness of the FRP plate is w. The metallic strip, across the plate along y-direction, is doped in the middle of the FRP plate and its width is defined as c.
Using the frequency-domain solver in CST Microwave Studio, the simulations were carried out to verify our design. The boundary conditions along the x-and y-directions are unit cell, and the z-direction is set as open (add space). According to the actual thickness of the radome and the required materials provided by the fabricated company for measurement, we choose a 3.2mm-thick FRP plate to simulate. Then, to get optimal simulated results and taking fabricated technology into consideration, we optimized many times using the CST Microwave Studio to get the values of a and c, so the geometrical parameters are: a = 6mm, w = 3.2mm and c = 0.8mm. The y-polarized plane EM waves incident onto the plate along z direction. For θ i = 60 • , the simulated magnetic fields and power flow distributions at 15.0GHz are given in Fig. 2(a) and (b) , respectively. As shown in Fig. 2(a) , the originally magnetic field lines are twisted due to metamaterial inclusions, which changed the magnetic fields inside the FRP plate. Therefore, the local wave-vectors deviated the original route towards the area between the metallic strips, which increases the refraction angle at interface 1 and the incident angle at interface 2 without violating the conservation of wave-vector, as illustrated in Fig. 2(b) . The simulated θ t1 and θ i2 are all approximately to 74 • near the interface, close to that predicted by Eqs. (2) and (3), so the transmission efficiency can be greatly improved.
In terms of impedance matching, from the Eq. (5), we can receive the value of ω 2
Based on previous analysis, the s-polarized waves impinge onto the metallic strip, leading to plasma resonance within the metallic strip, so that the effective permittivity changes from negative to positive at the plasma frequency, after which it restores around unity for a wide incidence angle range. The effective permittivity of metamaterial-doped FRP plate is illustrated in Fig.2 (c) . Therefore, a wide-angle impedance matching and transmission enhancement in Ku band can be achieved at Ku band. The simulated transmission spectra of FRP plate without and with the metamaterial doping are given in Fig. 2 (d) and (e), respectively. As illustrated in Fig. 2(d) , the transmission efficiency of FRP plate is all less than −1dB in Ku band, and it decreases sharply with incidence angle θ i . For θ i ≥ 76 • , the insertion loss even exceed 10dB, that is to say, the EM waves are almost reflected completely. In contrast, with the metamaterial metallic strips doped in the FRP plate, the transmission of EM waves is improved significantly, as illustrated in Fig. 2(e) . For θ i ≤ 65 • , the insertion loss in Ku band is less than 1.0dB on average, which is suitable for practical applications. Even for θ i = 80 • , the performance of transmission enhancement is still obvious and the insertion loss at 13.0-14.0GHz is less than 1.0dB under this extreme incident angle.
III. EXPERIMENTAL RESULTS
To further verify the wide-angle transmission enhancement performance, prototype was fabricated and measured, as shown in Fig. 3(a) . For ease of fabrication, the metamaterial metallic strips were etched on one side of 1.6mm-thick F4b microwave laminate using the printed circuit board (PCB) technique. Then microwave laminate etched with metallic strips was adhered to another 1.6mm-thick bare F4b laminate, forming a 3.2mm-thick metamaterial-doped F4b dielectric plate. The geometrical parameters are the same as those in Fig. 1(a) , and the overall size of the sample is 300mm×600 mm. A bare 3.2mm F4b plate was used as the reference sample. The measurement was performed in a microwave anechoic chamber, as shown in Fig. 3(b) , and the measured horn antennas operate in 12.0-18.0GHz.
The experimental results are shown in Fig. 3 (c) and (d). From the result, we can clearly see that the experimental results are in good agreement with the simulated results. Nevertheless, there are still some deviations in the experimental results. Firstly, due to the size of sample being not enough large leading to the diffracted waves, the amplitude of insertion loss is less than the simulated results, and the phenomenon is obviously when θ i = 80 • . Secondly, compared with the simulated results, the measured transmission spectra of the metamaterial structure exhibits a minor blueshift and the performance of transmission enhancement at large incident angle is slightly reduced. The reason can be ascribed to the background noises and interferences between the transmitted waves. However, the measured results still show that the EM transmission of the metamaterial-doped prototype is enhanced significantly compared with bare F4B plate. Both the experiment and simulation results verify that the metamaterial-doped FRP can facilitate a broadband, wide-angle transmission enhancement.
IV. CONCLUSION
In conclusion, we propose a method of enhancing the transmission of FRP plate based on modifying local near-field distributions using metamaterial inclusions. By doping metamaterial metallic strips, the magnetic field inside FRP plate is modified, so the wave-vector is tilted locally without violating the Snell law. Hence, the refraction /incidence angle at FRP-air interface can be modified to theoretically predicted angle according to the Fresnel formula, leading to reduce the reflection and improve the transmission efficiency. This is equivalent to reduce effective permittivity of the FRP, which enables significant transmission enhancement in an ultrawide angle range. Prototype was designed and simulated, and the results verify the good capability of the design. This work provides a new route to the wide-angle enhancement transmission of the FRP plate in the microwave regime, and the method can be extended to terahertz and infrared regimes.
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